The non-linear reduced four-field RMHD model in cylindrical geometry was extended to include plasma rotation, neoclassical poloidal viscosity and two fluid diamagnetic effects. Interaction of the static resonant magnetic perturbations (RMPs) with the rotating plasmas in tokamaks was studied. The self-consistent evolution of equilibrium electric field due to RMP penetration is taken into account in the model. It is demonstrated that in the pedestal region with steep pressure gradients, mean flows perpendicular to the magnetic field, which includes E × B and electron diamagnetic components plays an essential role in RMP screening by plasma. Generally, the screening effect increases for lower resistivity, stronger rotation and smaller RMP amplitude. Strong screening of central islands was observed limiting RMP penetration to the narrow region near the separatrix. However, at certain plasma parameters and due to the non-linear evolution of the radial electric field produced by RMPs, the E × B rotation can be compensated by electron diamagnetic rotation locally. In this case, RMPs can penetrate and form magnetic islands. Typical plasma parameters and RMPs spectra on DIII-D, JET and ITER were used in modelling examples presented in the paper.
Introduction
Type I ELMs represent a particular danger for plasma-facing components (PFCs) and divertor materials in ITER due to the fast (∼0.25 ms) transient release of energy (up to 20 MJ) in ELM crash [1] [2] [3] . The promising active method of ELM control by resonant magnetic perturbations (RMPs) produced by specific coils permitted total type I ELM suppression on DIII-D [4, 5] and AUG [6] or strong mitigation of the ELM size [7] on JET. However, at present, the underlying physics of ELM suppression is not totally understood up to the point to give reliable predictions for type I ELM suppression by RMPs in ITER. As shown in DIII-D experiments, ELMs are essentially suppressed if according to the vacuum modelling magnetic islands overlap (Chirikov parameter >1), creating an ergodic region at the plasma edge for r/a > 0.9 [8] . The present RMP system foreseen for ITER was essentially designed on this semi-empirical and 'vacuum' without plasma response modelling background [9, 10] . However, present day RMP experiments demonstrated already that 'vacuum' criterion [8] is not sufficient. At similar to DIII-D a priori 'vacuum' edge ergodization [8] , the application of RMPs demonstrated a variety of ELM responses on different machines. In particular, ELM suppression on DIII-D [4, 5, 11] and on AUG [6] was observed, ELM mitigation was demonstrated on JET [7] , type III ELM triggering is seen in ELM free discharges on NSTX [12] , triggering small type IV ELMs are typical for MAST [13] . Moreover, the ELM reaction on RMPs for a single machine depends on equilibrium, plasma parameters and RMP spectrum. Unfortunately, the direct measurement of static RMPs in plasma is not developed yet and one can conclude only indirectly if RMP penetrates or not observe, for example, characteristic features as density 'pump-out', toroidal rotation braking, strike points splitting, ELM mitigation, etc [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The present lack of understanding of plasma response to RMPs represents an issue for reliable extrapolations of the RMP method to ITER. In this respect, non-linear MHD theory and modelling can provide further physical and numerical improvements to refine knowledge of basic ELM dynamics and related ELM control techniques [14] . The present studies of plasma response to static RMPs based on nonlinear MHD theory and modelling [15] [16] [17] [18] [19] [20] [21] [22] are still in the initial stage and far from a self-consistent complete picture, but they demonstrated already the particularly important role of plasma flows with respect to RMP penetration into the plasma. Depending on the plasma parameters and RMP spectrum, the actual RMP field could be very different in rotating plasmas where the generation of current perturbations on the rational surfaces could prevent reconnections and island formation, leading to the effective screening of RMPs [15] [16] [17] [18] [19] [20] . The equilibrium radial electric field produces E × B rotation which, together with the diamagnetic electron rotation, is particularly important in the RMPs screening in the pedestal region [22, 23] . In this work, the resistive MHD rotating plasma response to RMPs is studied using a non-linear code RMHD [24, 25] . The RMHD code [24] is adapted to RMP studies in [17, 22] and further developed in this paper to include neoclassical poloidal viscosity tensor and two fluid diamagnetic effects, neglected in the previous RMP modelling [17] . In this work, we introduced this new physics in order to describe self-consistently the evolution of the equilibrium radial electric field and the rotation perpendicular to the magnetic field due to RMP penetration in the pedestal region. This is the essential new step forward compared with [17, 22] , where equilibrium electric field was taken from the experiment [5] and kept constant in the modelling [22] . Generally in experiments of type I ELM suppression by RMPs on DIII-D the radial electric field in the pedestal tends to more positive values at the edge with the minimum of the 'well' shifted towards the core [5] . In the model we use in this work, this trend in the changes in the equilibrium electric field due to RMPs can be reproduced.
The paper is organized as follows. In section 2 the derivation of the numerical non-linear RMHD model with diamagnetic and neoclassical effects is described. Section 3 is devoted to the description of the generic features of the single RMP harmonic and RMP spectrum penetration into the plasma with flows. In this section DIII-D-like parameters are used. In section 4 more realistic equilibrium, plasma parameters and error field correction coil (EFCC) spectra for toroidal number n = 2 are used in the modelling of RMP screening in JET. In section 5 modelling results of rotating plasma interaction with RMPs are presented for the standard H-mode scenario and actual design of in-vessel RMP coils in ITER.
Model

Four-field reduced MHD model with neoclassical poloidal viscosity
The well known four-field non-linear reduced resistive RMHD model [24] [25] [26] was used as a starting set of the equations. The normalized, as in [17] , system of non-linear RMHD equations with diamagnetic and neoclassical effects was solved in the following form:
(2.4) Compared with [24] we neglected small electron inertia and finite β-terms. Here normalized variables are ψ the poloidal flux, p the electron pressure, the electrostatic potential, ion velocity parallel to the total magnetic field B is V ||,i =
the vorticity, dimensionless parameter δ = 1/2 ci τ A , where ci = eB T /m i is ion gyrofrequency, Alfvén velocity V A = B T / √ µ 0 m i n 0 , electron density n e = Zn i ; Z = 1. Ion T i (r) and electron T e (r) temperature profiles are fixed, and T i (r)/T e (r) = τ = const. Total pressure P = P i + P e = p(1 + τ ) is evolving only due to the electron density transport. The diffusion coefficient in (2.3) k ⊥ ∼ 10 −5 -10 −6 corresponding to typical experimental values due to turbulent transport was constant in modelling. Parallel viscosity coefficient in (2.4) represents phenomenological parallel viscosity due to the turbulence. Typical experimental value was used: ν || ∼ 10 −6 . Cylindrical coordinates {r; θ; z} were used in the code. Here z ≈ R 0 ϕ. ϕ is the toroidal angle, θ is the poloidal one, R 0 = R M /a is the normalized major radius. The magnetic field normalized to the value on the axis (B 0 ) is represented in cylindrical approximation as B/B 0 ≈ ( e z + ∇ψ × e z ) = 1 r ∂ψ ∂θ ; − ∂ψ ∂r ; 1 .
Equilibrium magnetic field is
Note that in this approximation both equilibrium and perturbed magnetic fields are divergence free: ∇ · B = 0. For any scalar function S we introduce parallel gradient operator: Resistivity profile follows temperature dependence: η(r) ∼ η 0 (T e (r)/T e (0)) −3/2 with typical experimental-like central value η 0 = 10 −8 -10 −9 . Perpendicular viscosity ν ⊥ = 10
was added for numerical stability reasons in (2.2). Note, however, that typically neoclassical viscosity is much larger µ i /ν ⊥ ∼ 10 3 -10 4 (see section 2). Diffusion terms are compensated by volume source terms adjusted to keep initial profile pressure, current and toroidal velocity profile without RMPs.
. This form of sources in the RMHD code permits initial (at t = 0) pressure and toroidal rotation profiles to be kept in the absence of RMPs without going into the details of heating, particles and rotation sources which is out of interest in this simple cylindrical model. Similar to this in Ohm's law (2.1) the source term ηJ t=0 is introduced to keep the current profile stationary close to the initial value, in the absence of RMPs. Similar to [17] the normalization of the variables used here is the following (here (ph) is for 'physical'):
The details of derivation of the initial four-field model are given in [24] . All variables in the RMHD code [17, 25] used here are represented in Fourier series, for example poloidal flux ψ = m,n=±∞ ψ nm e imθ+inz/R0 , and the harmonic n = 0, m = 0 represents the value averaged over the magnetic surface. The boundary conditions at r = 1 are zero for all perturbations except for the magnetic flux harmonic amplitudes, ψ nm | r=1 ≈ ψ vac nm,sep , which are approximated by the vacuum amplitudes calculated in the toroidal geometry using the code ERGOS [9] . Here we take r ≈ ψ pol as the normalized radial coordinate. The neoclassical terms appear if one takes into account the neoclassical poloidal viscosity tensor in the equation of motion [27] . In the present model neoclassical terms were taken into account only for variables averaged over the magnetic surface, hence for harmonic n = 0, m = 0:
where
µ i (r) the neoclassical poloidal flow damping rate and coefficient k i (r) are calculated for given plasma parameters using formulae from [27, 28] . The detailed derivation of terms (1.5) and (1.6) is given in the appendix. Note that in the present model without RMPs the poloidal velocity tends to the neoclassical value [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] :
This corresponds for the physical values to
which is equivalent to the force balance equation for the radial electric field:
Here in the cylindrical large aspect ratio approximation V ϕ ∼ V ; B ϕ ∼ B 0 = const. In the presence of RMPs radial electric field and poloidal rotation are modified and deviate from the neoclassical value.
Role of the rotation perpendicular to the magnetic field in screening of RMPs
It is demonstrated theoretically [15, 38] and numerically [16] [17] [18] [19] [20] [21] [22] [23] that the plasma response to RMPs mainly consists in generation of current perturbations localized near the rational surfaces, leading to the deformation of the magnetic perturbation compared with the vacuum case. As analysed in [15, 38] , depending on the plasma parameters (viscosity, resistivity, rotation, current profiles, etc), the plasma response can vary between stronger or less strong screening, or in some cases amplification of the externally applied static magnetic perturbations. It will be useful for the following discussion of the modelling results to analyse single harmonic perturbation penetration into the rotating plasma. Magnetic flux, current and electron pressure, correspondingly, are represented in the RMHD code as follows:
p nm e imθ+inz/R0 + cc. For the equilibrium values:
, the linearized Ohm law (1.10) for a single harmonic perturbation amplitude under stationary conditions can be written as follows:
(2.10)
At the rational surface q = −m/n (n < 0, m > 0 according to the convention used in the RMHD code [25] ) and hence
(2.11) In cylindrical approximation, the normalized perpendicular drift and electron diamagnetic velocities are
0 and
The current perturbation is zero on the rational surface if (V E,θ + V * e,θ ) ∼ 0, meaning that with respect to the static RMP imposed from the external coils electrons are at rest, and therefore no screening of RMPs is expected for this particular harmonic in this region.
Generic features of the single RMP penetration into the plasma with flows
In this section DIIII-D-like parameters [4] were used for modelling: R M = 1.8 m, a = 0.6 m; B ϕ ∼ B 0 = 1.9 T, cylindrical q 95 ∼ 3.15. Plasma parameter profiles used in modelling are presented in figure 1. Central density, temperature, toroidal rotation, correspondingly, were n e,0 = 8 × 10 19 m −3 ; T e,0 = 1.5 keV, V 0 = 72 km s −1 . These plasma parameters correspond typically to the high-collisionality regime [4, 5] , note, however, that no specific DIII-D shots were modelled here, that is why we call it here the 'DIII-D-like' case. Density, rotation and temperature profiles are approximated here by cubic polynomials multiplied by a factor f (r) = 0.5(1 − tanh((r − r bar )/σ ) with r bar = 0.98, and pedestal width ∼ σ = 0.06. Resistivity profile follows dependence: η(r) ∼ η 0 (T e (r)/T e (0)) −3/2 with a typical experimental-like central value η 0 = 10 −8 . Parallel viscosity is ν || = 10 −6 . Perpendicular numerical viscosity is taken ν ⊥ = 10 −8 , and much larger perpendicular viscosity µ neo,1,2 ν , v ⊥ is due to the neoclassical mechanism [28] . The exact profiles of µ neo,1,2 (r); k i (r) for the parameters (figure 1) will be used later on in the paper. For the initial study of the generic features of RMP-plasma interaction, neoclassical coefficients were taken constants: µ neo,1,2 = 5 × 10 −5 ; k i = −0.8. At the boundary, normalized perturbation amplitude was taken ψ nm (1) ∼ 5 × 10 −5 , which was estimated from vacuum modelling with the toroidal vacuum code ERGOS [9] for DIII-D I-coils at 4 kAt, n = −3 even parity configuration. As demonstrated in [17] , screening of RMPs by plasma is negligible at high resistivity, so we call here a 'vacuumlike' case if RMHD modelling is done at high resistivity: η 0 = 10 −4 . The 'vacuum-like' m = 8, n = −3 island without neoclassical viscosity and without rotation (µ neo,1,2 = 0, δ = 0. and V ϕ,0 = 0) is presented in the Poincaré plot in figure 2(a). Corresponding magnetic flux and radial magnetic field perturbation: δψ(r, θ, z = 0); δb r (r, θ, z = 0) are presented in figures 2(b) and (c). Note the expected phase shift between δψ ∼ cos(mθ ) and δb r ∼ sin(mθ ) , since δb r = (1/r)(∂(δψ)/∂θ ). The same kind of plots, but with plasma response with parameters V 0 /V A ∼ 0.022 (which corresponds to central rotation ∼72 km s −1 ), η 0 = 10 −8 , δ = 0.03, q 95 = 3.15, are presented in figure 3 at t = 10 5 τ A . As shown in [17] , the penetration time for RMPs scales approximately as ∼1/η, so in the following analysis we present the amplitude of perturbations after t = 10 4 -10 5 τ A , when stationary conditions are reached in modelling and the corresponding island has its final size. Note that the current perturbation ( figure 3(d) ) is localized on the rational surface and is in phase with radial magnetic field perturbation ( figure 3(c) ) and strong screening of vacuum magnetic perturbation is observed: δb r | r rres ∼ 0. However, for example, at q 95 = 3.44 RMP penetration is seen in modelling (figure 4). In this case the corresponding perturbations have 'vacuum-like' structures and in particular the current perturbation is zero at r = r res . The radial profiles of magnetic flux and current perturbation harmonics amplitudes for q 95 = 3.15 and q 95 = 3.44 cases are presented in figure 5 . Note that for the parameters used here the screening and ψ nm (1) ∼ 2.5 × 10 −5 ). The decrease in the absolute value of RMP amplitude at the resonance for higher q 95 values seen in figure 6 is explained by the radial dependence ψ nm (r) ∼ r m in vacuum. The resonant surface q res = 8/3 moves towards the plasma centre when q 95 increases leading to a smaller 'vacuum' island. In figure 6 , the RMP penetration window q 95 for the (8/3)-island is q 95 = 1−0.5 (smaller corresponds to smaller RMP amplitude). The reason for no RMP screening seen at q 95 = 3.44 is that (V E,θ + V * e,θ ) ∼ 0 at the resonance surface q = 8/3 ( figure 7(a) ). In contrast (V E,θ + V * e,θ ) = 0 for q 95 = 3.15 ( figure 7(b) ), so screening currents are not zero at the rational surface (see the discussion in section 2.2). As already discussed in [15, 17] , at higher resistivity, screening currents are small even at non-zero perpendicular rotation and RMP can penetrate. To illustrate this, the radial profiles of the magnetic flux perturbation harmonics are presented for different resistivities in figure 8(a) for the q 95 = 3.15 case. One can see the strong screening of the perturbation for r > r res at η 0 = 10 −8 and the much smaller effect of plasma on RMP at η 0 = 10 −7 compared with a 'vacuumlike' case which corresponds in this modelling to a resistivity η 0 = 10 −2 . Since resistivity increases towards the edge due to the temperature dependence, edge islands are typically less screened as illustrated in figure 8(b) . The penetration time for RMP increases for lower resistivity (figure 9) [17] . The neoclassical viscosity µ neo,1,2 = µ = const (constant here) scan is presented in figure 10(a) , where maximum amplitude of a single harmonic on the resonant surface q = 8/3 is presented for different q 95 values. One can see that at larger viscosity µ the penetration window in terms of q 95 is narrower. In the case of larger neoclassical poloidal viscosity, the initial radial electric field (and hence E × B velocity) is less influenced by RMP. This is illustrated in figure 10(b) where the electric field profiles are presented for different values of µ neo,1,2 . Magnetic topologies resulting from the application of RMP spectrum ψ n=−3;m=6,7,...,10 (1) = (8; 7; . . . 4) × 10 −5 at q 95 = 3.15 in vacuum and with plasma response (under stationary conditions at t = 6 × 10 4 ) are shown in figure 11 . Note the strong screening of more central magnetic islands except on q = 7/3. Screening factor S nm = |ψ figure 12 . The condition for perpendicular velocity (V E,θ + V * e,θ ) ∼ 0 (figure 13) is satisfied for the island (7/3) for all resistivities which explains why it is not screened. Island q = (8/3) is screened since it is situated at the maximum of the perpendicular velocity in all cases ( figure 13 ). In contrast, more central island on q = (6/3) forms for higher resistivity values: η 0 = 2 × 10 −8 ; 8 × 10 −8 . The radial electric field E r structure with RMP spectrum at t = 6 × 10 4 τ A is shown in figure 14 in comparison with the initial equilibrium electric field. One can see that, due to the non-linear interaction of RMPs with plasma, radial electric field is more positive in the ergodic region and the minimum of the E r 'well' moves inside the plasma ( figure 14) , which reminds us of the experimental trend [5] .
The realistic neoclassical coefficients (figure 15), calculated for profiles presented in figure 1 according to [28] instead of constants, do not change the generic features of RMP interaction with plasma described above. In particular, RMP screening by plasma is stronger for larger rotation (including diamagnetic), smaller RMP amplitude, smaller resistivity and larger viscosity. However, because of the increase in µ neo,1,2 towards the edge (figure 15), a smaller penetration window q 95 ∼ 0.3 (compared with figure 6 where q 95 ∼ 1) is observed for a single island (8/3) (figure 16). However, edge resonant harmonics still penetrate (figure 17), since typically, the screening currents are smaller at higher resistivity.
RMP penetration on JET
In ELM mitigation experiments on JET, RMPs are generated by the external one-row EFCC coils [7] in n = 1, n = 2 configurations. Here we present an example of RMHD modelling of plasma response in the shot JET#77329 with parameters R M = 2.9 m, a = 0.89 m, B ϕ ∼ B T = 1.8 T, toroidal rotation in the plasma centre ϕ,0 = 38.6 krad s −1 , the parameter in the diamagnetic terms was δ = 0.029, cylindrical q 95 ∼ 3.8, EFCC current amplitude I EFCC = 40 kAt, n = −2. The realistic plasma parameters used in modelling are shown in figure 18 . The corresponding normalized neoclassical viscosity coefficients calculated using expressions from [28] are presented in figure 19 . The results of vacuum modelling by the ERGOS code [9] in toroidal geometry and equilibrium for the shot JET#77329 are presented in figure 20 . At I EFCC = 40 kAt magnetic islands do not overlap even in vacuum modelling ( figure 20(b) ). The normalized absolute values of the magnetic flux perturbation harmonic amplitudes as a function of radius (r ≈ ψ pol ) are presented in figure 21 .
The maximum values of corresponding harmonics amplitudes are used in the cylindrical RMHD code as boundary conditions: ψ n=−2;m=3,4,..8 (1) = (9.9; 6.5; 4.4; 2.9; 2; 1.4; ) × 10 −5 . The perpendicular rotation profile with respect to the position of the resonances is a crucial factor in RMP screening by plasma. However, in order to have the same q-profile in the cylindrical code as in toroidal geometry q = q tor , it is necessary to adapt equilibrium poloidal field and current profile in the RMHD code accordingly and in particular
(4.1)
For obvious geometrical reasons, this current profile (4.1) is different from the toroidal one. The advantage of using this current profile in the RMHD cylindrical code is that q = q tor and hence resonances q = m/n are at the same position with respect to plasma parameters profiles. The drawback of this option is, however, that the new current profile (4.1) has larger gradients at the edge and even can be negative to fit highly sheared profile q = q tor . This current in principle could be more 'tearing unstable' because of larger gradients [39] . However, in the present case the n = 2 mode was stable. Magnetic topology with the rotating plasma response at η 0 = 10 −8 and t = 7 × 10 3 τ A , including diamagnetic effects and realistic neoclassical coefficients [28] , is presented in figure 22 . Note the strong screening of all harmonics on JET compared with the vacuum case. The perpendicular velocity (figure 23) at corresponding r = r res is not zero for all harmonics, explaining the strong screening of RMPs, limiting the RMP penetration to the very edge. For JET plasma parameter profiles we did not find the situation of single island penetration on the top of the pedestal for DIII-D parameters (figures 11 and 17) where perpendicular electron velocity (V E,θ + V * e,θ ) is close to zero. The edge harmonic m = 8 penetrates because of higher resistivity as can be concluded from the screening factors profiles for harmonics (n = −2, m = 3-8) presented in figure 24. figure 27(b) . As discussed already in section 4, the main difficulty of toroidal q-profile approximation in the cylindrical code consists in the choice between cylindrical and toroidal q-profile since both options have their disadvantages and advantages, but neither can correctly reproduce toroidal geometry. Here we tried two options with the cylindrical q-profile matching the toroidal one in the centre and at the boundary and toroidal q-profiles (figure 28). One can see that the resonances at the same m-poloidal number move deeper towards the plasma centre if q = q cyl = q tor . Vacuum and with plasma response Poincaré plots for q = q cyl = q tor are presented in figure 29 . Only m = 11, n = −3 island chain forms on the q = 11/3 surface, but other harmonics are strongly screened. For q = q tor (figure 30), q = m/n resonances have the same position compared with the torus, i.e. closer to the edge. In figure 31 one can see that the predictions for RMP screening factors for n = −3, m harmonics in ITER are different depending on the choice (q = q cyl = q tor or q = q tor ), since corresponding positions of r res and hence RMP amplitudes are different (larger towards the edge). In particular, q = q tor gives more optimistic predictions for RMP penetration in ITER. The screening factor is larger than one in the case of the so-called 'amplification' [5] , which is seen, for example, for m = 11 and m = 8 harmonics in figure 31 . Perpendicular (or here 'poloidal') velocity profiles under stationary conditions after t = 10 4 τ A are presented in figure 32 for two approximations: (a) q = q cyl = q tor and (b) q = q tor . Note that due to RMP penetration, perpendicular velocity is decreased almost to zero only in the narrow region near q = (11/3) for the (a) case and in much larger region near q = (7/3) − (11/3) for the option (b). In case q = q tor , RMP harmonics amplitudes are larger on the resonant surfaces, since resonances are closer to the edge. Even within limitations of the cylindrical code RMHD mentioned above, plasma response modelling indicated already that RMPs in plasma could be different compared with vacuum modelling. It is illustrated even more clearly in the following example of modelling for ITER. Here we used maximum possible current in each coil 90 kAt with π -phase shift between coils in the toroidal direction. Upper and lower coils in each of the nine sectors have the same sign of current and mid-plane coil has the opposite signs compared with upper and lower coils [40] . Vacuum modelling [40] predicted strong ergodization in the larger edge region in this case compared with the n = 3 case discussed above. The main toroidal number with these currents in RMP coils is n = 4, but side harmonics amplitudes n = 1, 2, 3, 5 are large. As a result, overlapping of islands is increased [40] . The boundary conditions for the RMP spectrum (here we used n = 1 : 4 and corresponding to them the main resonant m-harmonics) for the RMHD code were obtained using the ERGOS code [9] : Here the toroidal q-profile q = q tor was used. Note the strong screening of all harmonics for this case (except the very edge ones) seen in figure 33 , leading to the conclusion that vacuum predictions of plasma edge ergodization by RMPs are totally irrelevant in this case.
RMP penetration on ITER
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Conclusions and discussion
The non-linear reduced four-field RMHD model in cylindrical geometry with plasma rotation, neoclassical poloidal viscosity and two fluid diamagnetic effects was applied to the problem of RMP interaction with the rotating plasma. Due to the steep pressure gradients in the pedestal region, the components of flows perpendicular to the magnetic field, including E × B and electron diamagnetic rotation, play an essential role in RMP screening by plasma. Current perturbations generated in the narrow region (few mm) near rational surface q = −m/n is the underlying physics of corresponding RMP harmonic (n, m) screening. The screening effect increases for lower resistivity, stronger rotation and smaller RMP amplitude. Typically RMP penetration occurs in the narrow region near the separatrix due to higher resistivity. However, at certain plasma parameters or/and because of the non-linear evolution of the radial electric field due to RMPs, E × B perpendicular rotation can be compensated by the electron diamagnetic rotation, i.e. (V θ,E×B + V * θ,e ) ∼ 0. In this case RMP harmonic (n, m) penetrates locally and forms islands on the corresponding resonance surface q = m/n.
For DIII-D-like parameters and RMPs with n = −3 toroidal number, islands are mainly screened in the plasma figure 15 ) [28] . Note penetration of the (8/3) island and very edge harmonics m = 10-12. For realistic JET parameters (shot #77329) and EFCC coils at n = 2, I EFCC = 40 kAt, a strong RMP screening was observed in modelling except for the very edge (r > 0.98). Compared with DIII-D parameters in the JET case we did not find the situation where the perpendicular electron velocity (V E,θ + V * e,θ ) is close to zero on the pedestal top providing RMP penetration in this region.
ITER standard H-mode scenario and RMP in-vessel coil parameters were used in modelling. For the case n = −3, m = 4 : 11 spectrum and q = q cyl = q tor , strong screening of all harmonics except for m = 11 was demonstrated. In contrast for more realistic positions of resonances at q = q tor edge harmonics m = 7 : 11 can penetrate and form an ergodic region in ITER. Perpendicular (or here 'poloidal') plasma velocity is strongly modified by RMP and is close to zero in this case (V E,θ + V * e,θ ) ∼ 0, which is favourable for RMP penetration. In the case of n = 1 : 4 spectrum and maximum current 90 kAt in each coil strong screening of RMPs is observed limiting the ergodic region to the very edge. With this respect the n = −3 option remains more favourable for ITER.
The cylindrical RMHD code results presented here are obviously limited in exact predictions of RMPs screening in ITER. Note, however, the generic feature of RMP interaction with rotating plasma: higher RMP amplitudes, higher resistivity, lower rotation, lower neoclassical poloidal viscosity are favourable factors for RMP penetration. ELM suppression physics with respect to screening of RMPs was not treated in the paper and still remains an open question. The next step in understanding RMP penetration in ITER should be based on the non-linear MHD code JOREK in realistic toroidal geometry [14] . This study is under way at present and will be presented in a dedicated paper. 
Appendix
In the following we present the derivation of neoclassical terms (2.5)-(2.6) we added to the model (2.1)-(2.4) in section 2. In the four-fluid model [24] [25] [26] usually the fluid velocities for species s (s = e,i-is for electron and ions) are approximated as
where V * s = B × ∇p s e s n s B 2 . Generally in the RMHD model the 'perpendicular' to the magnetic field flows are approximated as follows:
V * s = B × ∇p s e s n s B 2 ≈ − ∇p s × e ϕ n s m s cs , using the fact that the toroidal magnetic field is much larger than the poloidal one. Hence, in the equilibrium 'perpendicular' to the magnetic field mean flow is 'poloidal'. At large aspect ratio assumption (cylindrical code RMHD) e ϕ ≈ e z and θ corresponds to the geometrical poloidal angle. However, it is not the case in the realistic toroidal geometry, where the term 'poloidal' (θ) direction is defined as tangential to the magnetic flux surface with unit vector: e θ = R/| ∇ψ|( ∇ϕ × ∇ψ). To avoid any misunderstanding in the following discussion we use mainly the term 'perpendicular' velocity, which is the main factor in RMP screening [22] . Similar to [24] the equation of motion for species (s) was used in the form
The pressure tensor can be represented as P s = Ip s + s , where p s is a scalar pressure for species and viscous tensor can be represented in two parts: gyroviscosity and neoclassical parallel viscosity: s = g s + neo s . The explicit form of g s is usually not needed in reduced MHD because of gyroviscous cancellation [24] . For the neoclassical part of the pressure tensor here we used the simplified heuristic closure from [27] :
the expressions of the neoclassical poloidal flow damping rate and coefficient k s are given in [27, 28] . The electron part of the neoclassical pressure tensor enters in Ohm's law and describes the bootstrap current [28, 37] . The bootstrap current evolution is not treated in this work and is considered to be a part of the total equilibrium parallel current profile given at the beginning of the modelling at t = 0. Hence the equation of motion for ions is represented in the form
Note that in cylindrical approximation we used the expression
The parallel momentum equation is obtained from the scalar product of (A.3) with unit vector b parallel to the total magnetic field:
(A.5) From (A.5) it is easy to see that the additional term due to the neoclassical viscosity tensor has the form
(A.6) Figure 30 . Magnetic topology in ITER due to RMP coils at n = −3 with toroidal q-profile: q = q tor in vacuum (a) and in plasma (b).
In the model (A.6) is taken into account only for the mean flow (harmonic n = 0, m = 0). Normalized neoclassical viscosity is µ i = µ ∂T e ∂r .
Here we assumed that ∂/∂r(r(µ i /b 2 θ )) is small compared with other terms, which was verified numerically using for µ i the expressions from [28] .
The normalized neoclassical term in (2.2) is used only for the mean poloidal flow: (A.8)
The use of closer (A.2) results in the fact that due to the large neoclassical poloidal viscosity poloidal rotation without RMPs tends to the neoclassical value proportional to the ion temperature gradient due to the large neoclassical poloidal viscosity [27, 28] :
(A.9) Certainly, we are aware of the limits of this approach, since at present the predictive capacity of neoclassical theory for poloidal rotation in tokamaks is rather limited. Usually poloidal rotation is measured for carbon impurities (C 4+ , C 6+ ) by Doppler CXRS measurements [29, 30] . The information about poloidal rotation for the main species is not directly available in the experiment, since the impurity flows differ from the bulk ions for different reasons, demanding selfconsistent modelling of flows in multi-species plasma [29] , taking into account ionization and neutrals at the edge [31] , plasma turbulence in the core, etc. [32, 33] . Note that at present the self-consistent predictive first-principles theory of poloidal rotation is still missing. The measured poloidal rotation was shown to deviate from neoclassical predictions especially in the plasma core [34] and in the presence of internal transport barriers [30] . Note also that drift-kinetic simulations [35, 36] pointed out the importance of the direct ion-orbit losses in the pedestal region leading to corrections to the neoclassical theory also in the pedestal. However, in the pedestal region in spite of the extensive debates [31, 35, 36] , the order of magnitude and the form of poloidal velocity profile is closer to neoclassical predictions in many experimental cases [29] . This motivated us to include the poloidal viscosity tensor in MHD modelling using its neoclassical form as a first step approximation to capture main physics of interest here which is the change of the poloidal flow and the edge radial electric field due to RMPs in H-mode plasmas. 
